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a b s t r a c t
We report on spectroscopic studies and downconversion luminescence in OH-free Pr3þ–Yb3þ co-
doped low-silica calcium aluminosilicate glasses (LSCAS). The dependencies of the visible to near-
infrared emissions, photoacoustic signals, luminescence decay times and energy transfer efﬁciencies
from Pr3þ-Yb3þ on the doped Yb2O3 concentration were investigated. The results conﬁrmed the
occurrence of downconversion processes in the examined samples, followed by a back-energy transfer
mechanism from the Yb3þ:2F5/2 level to the Pr3þ:1G4 level, from where the multiphonon relaxations
through the 1G4,
3F4-
3H4 transitions occurred. The photoacoustic data provided evidence of the energy
transfer that resulted in heat generation in the sample, conﬁrming the observations provided by the
luminescence data. The energy transfer mechanisms that are involved in the Pr3þ:Yb3þ co-doped LSCAS
glasses are discussed.
& 2013 Elsevier B.V. All rights reserved.
1. Introduction
Materials doped with lanthanide ions (Ln3þ) exhibit efﬁcient
energy conversion processes because of their rich-level energy
structure. For example, in the downconversion (DC) process
predicted by Dexter [1] in the 1950s, high-energy photons are
converted into low-energy photons through mechanisms invol-
ving energy transfer between ions. Since that time, down-
converter materials have gained much attention due to their
possible application for the enhancement of the conversion
efﬁciency in crystalline silicon solar cells. [2] These solar cells
have a theoretical maximum conversion efﬁciency of 30%, [3] but
the current conversion efﬁciency is approximately 15%, [4] limited
primarily by the spectral mismatch between the solar spectrum
and the silicon band-gap. Nearly 47% of the losses of the solar cell
are related to the thermalization of electron–hole pairs, in which
the incident photons with energy higher than the Si band-gap are
lost as heat. [5] Trupke et al. [6] showed that a downconverter
material in combination with a single junction crystalline silicon
solar cell could minimize thermalization losses, thereby achieving
a theoretical limit for the conversion efﬁciency of up to 40%.
Ln3þ–Yb3þ couples, such as Tb3þ–Yb3þ , [7–9] Pr3þ–Yb3þ , [10]
Tm3þ–Yb3þ , [11] Ce3þ–Yb3þ , [12] Er3þ–Yb3þ [13] and Nd3þ–Yb3þ
[14,15] have been used to down-convert the energy of the photon
absorbed by the Ln3þ ion in the UV–vis spectrum to one or more low-
energy near-infrared photons emitted by Yb3þ ions. Yb3þ ions are
suitable for solar cell applications because the single excited state,
2F5/2, emits at approximately 1000 nm, very close to the silicon band-
gap. However, the origin of this DC process is unclear. Therefore,
different spectroscopic studies are needed to understand the DC
process.
For this purpose, we used luminescence and photoacoustic
spectroscopy to elucidate the energy transfer mechanisms that are
involved in the DC process in OH-free Pr3þ–Yb3þ co-doped low-
silica calcium aluminosilicate (LSCAS) glasses. LSCAS glass prese-
nts high transparency up to the UV region, phonon energy
(800 cm1), thermal diffusivity (5103 cm2/s), thermal con-
ductivity (13 mW/cm K), and good chemical stability. [16,17]
These properties are superior even when compared with other
oxide glasses and have been previously explored, such as the laser
emissions of Nd3þ at 1077 nm [18], the emissions of Yb3þ–Er3þ at
1540 nm [19], and in the development of phosphors for white
lighting [20,21].
We report on the VIS to IR energy conversion processes. The
dependence of the visible and near-infrared emissions, photoacoustic
signals, luminescence decay times and energy transfer efﬁciency from
Pr3þ-Yb3þ as a function of the Yb3þ ion concentration were also
investigated. Our results conﬁrmed the occurrence of DC processes in
the examined samples. The mechanisms that are involved to explain
the photon energy conversion are discussed.
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2. Experimental details
A set of LSCAS glasses were prepared with a composition (in wt%)
of (47.4z)CaOþ(41.5z)Al2O3þ7SiO2þ4.1MgOþyPr2O3þxYb2O3,
in which z¼(xþy)/2, with x¼0, 1, 2, 4, 8, and y¼1 for all of the
samples. Henceforth, references will be made to the 1Pr2O3,xYb2O3
samples. The reagent quantities were homogeneously mixed in a ball
mill for 12 h. Next, the samples were melted at 1600 1C under
vacuum (103 Mbar) in graphite crucibles for 2 h. This condition
leads to glasses with high transparency in the OH region
(2800 nm), which is essential for the downconversion process.
Infrared optical transmittance spectrum of the LSCAS glass can be
found in the reference [22]. Next, annealing was performed at
approximately 600 1C. The samples were cut and polished into
plates with dimensions of approximately 3510 mm. For the
photoacoustic measurements, the samples were transformed to
powder form.
The emission spectra were obtained in the visible and infrared
regions using an excitation source, speciﬁcally a He–Cd laser
(Kimmon/IK5652R-G) at a wavelength of 442 nm. The visible and
infrared luminescent signals were dispersed by a monochromator
(0.3 m, Thermo Jarrel Ash/82497), detected either with a photo-
multiplier tube (PMT) (Hamamatsu/R928) or an InGaAs detector,
and ampliﬁed using a lock-in. The luminescence decay curves for
the Pr3þ:3P0-3H4 (498 nm) transition excited at 457 nm and for
the Pr3þ:1D2-3H4 (610 nm) excited at 590 nm were obtained
using an optical parametric oscillator (OPO) (Surelite SLOP/Con-
tinumm) pumped by the third harmonic of an Nd:YAG laser
(Surelite SLII-10/Continumm, 355 nm, 5 ns, 10 Hz). The PMT/R928
was used to detect the decay time of the Pr3þ . The luminescence
decay curves for the Yb3þ:2F5/2-2F7/2 (1024 nm) transition
excited at 980 nm were obtained using a modulated diode laser
(IPG Photonics) and a Germanium detector. A digital oscilloscope
(Tektronix/TDS380) was used to record the decay curves. The
photoacoustic spectroscopy (PAS) measurements were performed
using a homemade experimental arrangement, described else-
where [23]. The monochromatic light was generated by a 1000 W
Xenon arc lamp (model 68820; Oriel Corporation) and a mono-
chromator (model 77250; Oriel Corporation). The light beam was
modulated at 12 Hz with a mechanical chopper (Stanford Research
Systems SR540). The photoacoustic cell was projected to allow for
light to enter through a quartz window, which was 6 mm in
diameter and 2 mm thick. The microphone was connected to the
sample-holder chamber using a 1-mm-diameter duct. The capa-
citive microphone (Brüel & Kjaer, model 2639) provides a gain of
50 mV/Pa. The lock-in ampliﬁer was from EG & G Instruments
(model 5110). The measurements were recorded between 410 and
650 nm. The PAS spectra were normalized with respect to the
carbon black signal. All of the spectroscopic measurements in this
study were performed at room temperature.
3. Results and analysis
Fig. 1 shows a simpliﬁed energy level diagram of the Pr3þ and
Yb3þ ions, and the possible energy transfer mechanisms to explain
the downconversion in the LSCAS glass: (i) cross relaxation
(Pr3þ:3P0-1G4; Yb3þ:2F7/2-2F5/2) resulting in one photon
emitted by Yb3þ:2F5/2-2F7/2 and multiphonon relaxation from
the Pr3þ:1G4 level to lower levels; (ii) cross relaxation
(Pr3þ:1D2-3F4; Yb3þ:2F7/2-2F5/2) followed by the emission of
one photon by Yb3þ:2F5/2-2F7/2 and multiphonon relaxation from
the Pr3þ:3F4 level to lower levels; (iii) Back-energy transfer from
the Yb3þ:2F5/2 level to the Pr3þ:1G4 level. Despite not being shown
in Fig. 1, a second-order cooperative energy transfer from the 3P0
level of Pr3þ ions, where the energy is transferred to two
neighboring Yb3þ ion acceptors in a single step (Pr3þ:3P0-3H4;
2Yb3þ:2F7/2-2F5/2), has been assumed by certain authors. [24–26]
However, the efﬁciency of second-order processes was shown to
be less efﬁcient than that ﬁrst-order processes by a factor of
approximately 103, as estimated by van Wijngaarden et al. [10]
based on Monte Carlo simulations of the Pr3þ:3P0-3H6 lumines-
cence decay curves in Pr3þ–Yb3þ co-doped LiYF4 samples.
Fig. 2 shows the emission spectra in the visible region for
LSCAS:1Pr2O3,xYb2O3 glasses under 442 nm excitation. Pr3þ emis-
sion bands are observed at 494, 540, 600–650, 612, 652, 700, 716
and 735 nm and assigned to the electronic transitions 3P0-3H4,
3P0-3H5, 1D2-3H4, 3P0-3H6, 3P0-3F2, 1D2-3H5, 3P0-3F3, and
3P0-3F4, respectively. With the addition of Yb2O3, the intensities
of the Pr3þ visible emission bands were observed to decrease by a
factor of E8.4 (inset in Fig. 2), suggesting DC processes from the
Pr3þ:3P0 and 1D2 levels to the Yb3þ:2F5/2 level.
Fig. 3 shows the near-infrared emission spectra obtained for
LSCAS:1Pr2O3,xYb2O3 glasses under 442 nm excitation. The spec-
trum obtained for the Pr3þ single-doped sample shows bands at
907, 935, and 1080 nm, assigned to the Pr3þ:1D2-3F2, 3P0-1G4,
and 1D2-3F4 transitions, respectively. With the addition of Yb2O3,
Fig. 1. (i) Cross relaxation (Pr3þ:3P0-1G4; Yb3þ:2F7/2-2F5/2), resulting in the
emission of one photon by Yb3þ(2F5/2-2F7/2) and multiphonon relaxation from
Pr3þ:1G4 to lower levels. (ii) Cross relaxation (Pr3þ:1D2-3F4; Yb3þ:2F7/2-2F5/2)
followed by the emission of one photon by Yb3þ (2F5/2-2F7/2) and multiphonon
relaxation from Pr3þ:3F4 to lower levels. The back-energy transfer from Yb3þ:2F5/2
to the Pr3þ:1G4 level is also depicted.
Fig. 2. Visible photoluminescence spectra of LSCAS:1Pr2O3,xYb2O3 (x¼0, 1, 2, 4,
and 8) samples under 442 nm excitation. The transition assignments are indicated.
The inset shows the integrated intensity as a function of the concentration of
Yb2O3. The solid line is a visual guide.
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a typical emission band in the 950–1050 nm range assigned to the
Yb3þ:2F7/2-2F5/2 transition was observed together with the Pr3þ
bands. The intensities of the Pr3þ emission bands were observed
to decrease with the increase in the Yb2O3 concentration up to
8 wt% Yb2O3. The inset in Fig. 3 depicts the Yb3þ emission at
1036 nm as a function of the Yb3þ concentration. The intensity
slightly increases by a factor of 1.06 with the Yb2O3 concentration,
reaching a maximum for 2 wt% Yb2O3, conﬁrming the energy
transfer from Pr3þ to Yb3þ by a combination of processes (i) and
(ii), as depicted in Fig. 1. When the concentration of Yb2O3 is
increased further, the emission intensity is observed to decrease
until the concentration reaches 8 wt% Yb2O3. This decrease in the
Yb3þ emission for higher Yb2O3 concentrations is most likely due
to the back-energy transfer (iii) process from the Yb3þ:2F5/2 level
to the Pr3þ:1G4 level. Another possible mechanism that affects the
Yb3þ emission is the energy migration among Yb3þ neighbors.
However, an excited Yb3þ ion transfer the energy to a Pr3þ ion
due to the shorter decay time of the 1G4 level than the 2F5/2 level,
as discussed below.
Furthermore, the emission band proﬁle of Yb3þ changes sub-
stantially with Yb2O3 concentration, which may be explained by
the Yb3þ reabsorption process. [7,27]
Pr3þ emission at approximately 1300 nm due to the 1G4-3H5
transition was not observed in the examined samples. This
absence is explained by the high phonon energy (E800 cm1)
of the LSCAS glasses, [19] which induces strong multiphonon
relaxation from the 1G4 level to lower levels. Therefore, the 1G4
level has a shorter decay time than the Yb3þ:2F5/2 level, leading to
an efﬁcient back-energy transfer and suppressing the Yb3þ emis-
sion, as shown in the inset of Fig. 3. Due to the high energy gap of
Yb3þ and the absence of OH losses in LSCAS glasses, this back-
energy transfer is the only nonradiative process that can cause a
depopulation of the Yb3þ ions. The 1300 nm emission has been
observed before in Pr3þ doped ﬂuorides glass [28] due to its lower
phonon energy (500 cm1) compared with that of the LSCAS
glasses.
To further investigate the mechanisms that are involved in the
DC process, time-resolved measurements were performed. To
obtain a deeper insight into the back-energy transfer process
Yb3þ-Pr3þ , the luminescence decay curves for the Yb3þ:2F5/
2-
2F7/2 (1024 nm) transition, excited at 980 nm, were recorded as
a function of the Yb2O3 concentration (curves not shown here).
The decay time values so obtained decrease from E506 μs for
LSCAS: 1Pr2O3,1Yb2O3 to E86 μs for LSCAS:1Pr2O3,8Yb2O3.
Generally, the opposite trend is observed for Yb3þ-doped glasses:
the Yb3þ decay times lengthen due to energy migration between
neighboring Yb3þ ions. [27] More recently, measurements of the
Yb3þ decay time for Yb3þ single doped LSCAS samples evidenced
the existence of energy migration. [29] The decay time increases
with Yb2O3 concentration up to 1.08 ms (5 wt% Yb2O3), then
slightly decreases with further Yb2O3 concentration up to
0.98 ms (9 wt% Yb2O3) due to nonradiative energy transfer to
defects and other impurities in the host. This nonradiative energy
transfer to defects and other impurities in the host at high Yb2O3
concentration are consider minor losses, in this set of samples, the
decay time 0.98 ms for the 9 wt% Yb2O3 sample does not reach the
0.84 ms for the lowest Yb2O3 concentration (0.5 wt%). Actually, for
the co-doped samples of this work there is a competition between
two mechanisms: the energy migration among Yb3þ neighbors,
which induces an increase of the Yb3þ decay time and a back
transfer Yb-Pr, which induces a decrease of the Yb3þ decay time.
Due to the high phonon energy of the host, the 1G4 decay time is
short, this leads to an efﬁcient back transfer from Yb-Pr deacti-
vating the energy migration, resulting therefore in an effective
decrease of the Yb3þ decay time with the Yb2O3 concentration.
Further, the results obtained here showed the occurrence of the
Yb3þ:2F5/2 level depopulation as a result of the increase in the
Yb2O3 content and energy transfer from Yb3þ to Pr3þ . Further-
more, the back transfer Yb-Pr provokes an increase in the heat
generation in the sample, as will be shown bellow in the photo-
acoustic results.
The Pr3þ decay times were extracted to calculate the energy
transfer efﬁciencies of processes (i) and (ii) depicted in Fig. 1. The
luminescence decay curves for the Pr3þ:3P0-3H4 (498 nm) tran-
sition excited at 457 nm and for the Pr3þ:1D2-3H4 (610 nm)
excited at 590 nm were obtained as well. The results are shown
in Fig. 4. In Fig. 4(a), strongly non-exponential behavior is
observed for all of the decay curves. The non-exponential behavior
for the LSCAS:1Pr2O3,0Yb2O3 can be explained by cross-relaxation
processes between Pr3þ ions, speciﬁcally Pr3þ:3P0-1D2;
Pr3þ:3H4-3H6. Performing an integration of the decay curve for
the LSCAS:1Pr2O3,0Yb2O3 yields an extracted decay time of
E6.8 μs, lower than the 7.6 μs decay time for an LSCAS doped
with only 0.2 wt% Pr2O3. This result conﬁrms cross-relaxation
between Pr3þ ions, as mentioned previously. With the addition
Fig. 3. Infrared photoluminescence spectra of LSCAS:1Pr2O3,xYb2O3 (x¼0, 1, 2, 4,
and 8) samples under 442 nm excitation, resonant with the Pr3þ:3P2 level. The
transition assignments are indicated. The inset shows the intensity at 1036 nm of
the Yb3þ emission via energy transfer from the Pr3þ:3P0 and 1D2 levels to the
Yb3þ:2F5/2 level. The solid line is a visual guide.
Fig. 4. Luminescence decay curves as a function of the Yb2O3 relative content.
(a) Pr3þ:3P0-3H4 (λexc¼457 nm, λmon¼498 nm); (b) Pr3þ:1D2-3H4 (λexc¼590 nm,
λmon¼610 nm). Insets: evolution of the decay times (black) and energy transfer
efﬁciencies (red) as a function of the Yb2O3 concentration. The lines are visual
guides.(For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)
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of Yb2O3, the decay curves become more non-exponential, and the
decay time values were observed to decrease to a value of 3.5 ms,
which was obtained for the highest Yb2O3 concentration. This
result corroborates the occurrence of energy transfer from the 3P0
level of Pr3þ to Yb3þ neighbor ions through process (i) (see Fig. 1).
The efﬁciency of the energy transfer processes (ηET) from the
3P0 level of Pr3þ to Yb3þ can be calculated from the following
equation:
ηET ¼ 1
τ1Pr2O3 ;xYb2O3
τ1Pr2O3 ;0Yb2O3
ð1Þ
where τ1Pr2O3 ;xYb2O3and τ1Pr2O3 ;0Yb2O3¼6.8 ms are the luminescence
decay times of Pr3þ:3P0-3H4 (498 nm) with and without Yb2O3,
respectively. ηET increases up to E49% with increasing concentra-
tion of Yb2O3 (see inset in Fig. 4(a)).
To unambiguously evaluate the energy transfer process invol-
ving only the 1D2 level, time-resolved measurements after excita-
tion at 590 nm were also performed. To evaluate the efﬁciency of
this cross-relaxation, the luminescence decay curves for
Pr3þ:1D2-3H4 (610 nm) were recorded as a function of the
Yb2O3 concentration and are shown in Fig. 4(b). The non-
exponential behavior for LSCAS:1Pr2O3,0Yb2O3 can be explained
by cross-relaxation processes between Pr3þ ions, such as Pr3þ:
1D2-1G4; Pr3þ:3H4-3F4 [30]. However, the non-exponential
behavior is stronger for the co-doped glasses primarily due to
the occurrence of energy transfer. The extracted decay times are
shown in the inset of Fig. 4(b). The decay times decrease from
E64.8 ms (LSCAS:1Pr2O3,0Yb2O3) to E11.6 ms (LSCAS:1Pr2
O3,8Yb2O3). The efﬁciency of this cross-relaxation was also esti-
mated using Eq. (1), where τ1Pr2O3 ;xYb2O3 and τ1Pr2O3 ;0Yb2O3¼ 64.8 ms
are the luminescence decay times of Pr3þ:1D2-3H4 (610 nm) with
and without Yb2O3, respectively; these results are shown in the
inset of Fig. 4(b). The ηET values were observed to increase up to
E82% for the highest Yb2O3 relative content. Therefore, our results
corroborate the occurrence of energy transfer from the 1D2 level of
Pr3þ to Yb3þ neighbor ions through cross-relaxation between
Pr3þ:1D2-3F4 and Yb3þ:2F7/2-2F5/2 (i.e., process (ii) in Fig. 1).
The energy transfer efﬁciency is different from 3P0 and 1D2
levels of Pr3þ due to resonant conditions. As illustrated in Fig. 1, it
is possible to observe that the cross-relaxation from the 1D2 level
is more resonant compared to that of 3P0.
The photoacoustic effect is known to be useful for evaluating
the heat generation that occurs due to nonradiative relaxation
processes [31]. Photoacoustic spectroscopy measurements were
performed, and the resulting spectra are shown in Fig. 5 for the
LSCAS:1Pr2O3,xYb2O3 (with x¼0 and 8) samples. These spectra are
the results of subtractions to eliminate the undoped sample
background. The photoacoustic spectra for both samples reﬂect
the optical absorption of the Pr3þ levels. The PAS signal is due to
several multiphonon relaxations in the Pr3þ ion, as shown in
Fig. 1. In the case of the Pr3þ single-doped sample, after the cross
relaxations Pr3þ:3P0-1D2;3H4-3H6 and Pr3þ:1D2-1G4;3H4-3F4,
multiphonon decays occur from the 3H6 and 3F4 levels to lower
levels, respectively. Alternatively, for the codoped sample, an
increase in the PAS signal was observed in the region between
410 and 500 nm due to an extra multiphonon relaxation from the
1G4 level to lower levels, an effect that was evidenced by the back-
energy transfer Yb3þ-Pr3þ (iii). This result is in agreement with
the observed decreases in both the Yb3þ decay times and in the
downconversion emission.
4. Conclusions
In conclusion, our results showed the occurrence of Pr3þ to
Yb3þ energy transfer processes in OH-free Pr3þ–Yb3þ co-doped
low-silica calcium aluminosilicate glasses. The dependencies of the
visible and near-infrared emissions, photoacoustic signals, lumi-
nescence decay times and energy transfer efﬁciency from Pr3þ-
Yb3þ on the Yb2O3 concentration were also investigated. The
results also showed a back-energy transfer process from the
Yb3þ:2F5/2 to the Pr3þ:1G4 levels, from where the multiphonon
relaxation through the 1G4, 3F4 -3H4 transitions occurred. The
photoacoustic data provided evidence for heat generation in the
samples that originated due to the high phonon energy and a
strong back-energy transfer process, speciﬁcally Yb3þ-Pr3þ in
the case of the codoped samples. Finally, due to the inconvenient
presence of several cross relaxation processes in the Pr3þ ion and
the high phonon energy of LSCAS glass, we conclude that this
material could not be used as a downconverter for solar cells.
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